Five hundred and seventy-five Nellore steers were evaluated for residual feed intake and residual feed intake and gain and their relationships between carcass, non-carcass and meat quality traits. RFI was measured by the difference between observed and predicted dry matter intake and RIG was obtained by the sum of −1*RFI and residual gain. Efficient and inefficient animals were classified adopting ±0.5 standard deviations from RFI and RIG mean. A mixed model was used including RFI or RIG and contemporary group as fixed effects, initial age as covariate and sire and experimental period as random effects, testing the significance of the regression slope for each evaluated trait. RIG was positively related to longissimus muscle area. Efficient-RFI animals had lower liver and internal fat proportions compared to inefficient-RFI animals. Efficient-RFI and efficient-RIG animals had 11.8% and 11.2% lower extracted intramuscular fat, compared to inefficient-RFI and inefficient-RIG animals, respectively. Efficient-RFI animals had tougher meat compared to inefficient-RFI animals.
Introduction
Brazil has the world's largest commercial cattle herd with a population of 211 million head, according to the Brazilian Institute of Geography and Statistics (IBGE, 2014) . Approximately 80% of this herd is comprised by Bos indicus, 90% of which is composed of the Nellore breed (Brazilian Association of Meat Exporters -ABIEC, 2014). In 2013, circa 26.7 million animals were slaughtered, resulting in the production of 10.2 million tons of equivalent carcass (IBGE, 2014) .
Feed efficiency is an important aspect for the reduction of feed and feeding costs and, thus, to increase profitability for the activity since feed costs may account for 55-75% of the total costs of beef production, excluding costs of animal acquisition (Arthur, Archer, Herd, & Melville, 2001) .
In Brazil, feed efficiency is traditionally measured by feed conversion ratio (kg DMI (dry matter intake)/kg gain) or its inverse, gain:feed ratio. However, both are associated with growth rate (Herd & Bishop, 2000) , thus genetic selection for those indexes may result in an increased adult size as well as higher nutrient demand from the selected animals.
Residual feed intake (RFI), calculated as the difference between observed and predicted DMI (Koch, Swigwr, Chambers, & Gregory, 1963) , has been studied as an index of feed efficiency. Differently from the gain:feed ratio, selection based on RFI does not increase mature size of the herd because it is adjusted to growth rate, allowing the identification of animals with lower feed intake and methane production at the same body weight and gain (Jones, Philips, Naylor, & Mercer, 2011; Khiaosa-Ard & Zebeli, 2014) . In addition, RFI-efficient animals seem to produce leaner carcasses with lower subcutaneous fat thickness and extracted intramuscular fat in longissimus muscle, important features to ensure meat quality (Gomes et al., 2012; Herd & Pitchford, 2011; Zorzi et al., 2013) .
Residual intake and gain (RIG) recently proposed by Berry and Crowley (2012) is a new feed efficiency index that associates RFI and residual gain (RG), obtained by the difference between observed and predicted average daily gain (Koch et al., 1963) . The most efficient animals based on RIG have both lower feed intake and greater BWG (body weight gain) at the same time, thus, it is more closely related to profitability than RFI.
Before including feed efficiency indexes in breeding programs, it is crucial to understand their phenotypic relationships with carcass and meat quality traits, avoiding the fact that future benefits achieved by reducing production costs are unfavorable changes in the final product.
Trial period and feed efficiency evaluation period
After the adaptation period the initial weight was determined following 16 h of feed and water fasting, designating the start of the trial. The total trial period corresponded to the difference between the first weighing and the harvesting, when animal reached 5 mm subcutaneous fat thickness (Fig. 1) .
In each feedlot within a year, DMI and BWG were individually measured for at least the first 70 d of the trial, corresponding to the feed efficiency evaluation period. Animals that reached 5 mm before remained on the test until 70 d. According to the Australian protocol ) at least 70 d of intake and weight gain are required to determine RFI.
Body weight (BW) was obtained every two weeks before feeding to minimize differences in animal gut fill but with no food and water restriction. Initial body weight (IBW, kg) and final body weight (FBW, kg) of the feed efficiency evaluation period, as well as the weighing at preslaughter were also measured following 16 h of feed and water fasting. The mid-test metabolic body weight (MMBW) was calculated as the mean between IBW and FBW.
Average daily gain (ADG, kg/d) during the feed efficiency evaluation period and the total experimental period were estimated by regression between BW and days on feed using proc. REG (Sas Institute, 2012) , where the slope represents growth rate.
Individual DMI (kg/d) was obtained by the difference between offer and refusal of DM. The DM content of the diet and food refusals were determined weekly. At the end of the trial period, DM was corrected to definitive DM (105°C) using individual composite samples of refusals and diet.
Feed efficiency traits and calculations
Residual feed intake (RFI, kg/d) and residual gain (RG, kg/d) were computed by regression of DMI, BW 0.75 and ADG (Koch et al., 1963 ) using MIXED procedure (Sas Institute, 2012 , resulting in these equations:
where ɛ1 represents residual feed intake (RFI) and ɛ2 residual gain (RG).
For both indexes the model included the random effect of the contemporary group, defined by year, feedlot site, place of birth, RFI Fig. 1 . Experimental design in both feedlots for 3 different years of evaluation. evaluation period and pen type, totaling 21 contemporary groups, ranging from 10 to 79 animals per group. The residual intake and gain (RIG) was computed by adding RFI multiplied by minus 1 and RG of each animal, both previously standardized to variance 1 using the STANDARD procedure of SAS (Sas Institute, 2012) .
Gain:feed ratio (G:F) was computed by the ratio between ADG (kg/d) and DMI (kg/d).
Carcass and non-carcass traits
Subcutaneous fat thickness (mm) and longissimus muscle area (cm 2 ) at the 12-13th ribs were obtained at the initial, middle and final feed efficiency evaluation periods as well as the day prior to the harvesting. After the 70 day period the animals were scanned biweekly until they reached at least 5 mm of subcutaneous fat thickness. Animals were scanned by a certified technician using an Aquila Pie Medical ultrasound (Pie Medical, Inc. Maastricht, The Netherlands) with a 17-cm 3.5 MHz transducer. Images were collected and processed using software ODT Eview® (Pie Medical, Inc. Maastricht, The Netherlands).
When subcutaneous fat thickness measured by ultrasound reached at least 5 mm, the animals were harvested and sent to a commercial packing plant after fasting from water and solids for 16 h to obtain shrunk body weight (SBW). Animals were stunned by brain concussion, then exsanguinated through the jugular vein, carcasses were hung by the Achilles tendon with no electrical stimulation. Head, feet, leather and visceral organs were removed and heart, kidney, liver and perirenal, pelvic and inguinal fats were weighed.
Carcasses were weighed and chilled for 24 h at 5°C. Hot dressing percentage (%) was calculated as the ratio between hot carcass weight (HCW) and SBW the day before harvesting. At 24 h post mortem, length was measured as the distance between anterior border of the pubic bone and medial cranial border of the first rib on the left half-carcass. Likewise, carcass depth was taken on the 5th rib from top to bottom measuring the distance from sternum to middle of the spine where the marrow bone passes.
Half-carcasses were divided into forequarter (with five ribs), hindquarter and spare ribs (Barros & Vianni, 1979) . On the hindquarter of the left half-carcass, a cross-section was made between the 12-13th ribs to measure the subcutaneous fat thickness with a caliper rule and longissimus muscle area (LMA) with a grid.
Meat quality traits
Meat samples of animals of feedlot 2 in year 1 were not included due to sampling problems, therefore samples of 512 animals were used for the analysis of meat quality traits.
At 24 h post mortem, three steaks (2.5 cm thick) were removed from the longissimus corresponding to the 10-11-12th ribs of the left halfcarcass. One steak was used to measure meat quality traits at 24 h post mortem, while the other two were vacuum-packaged and cooled (2°C) until 7 and 14 d post mortem, respectively, and then frozen (−30°C) for later analysis.
Longissimus samples were also collected to determine myofibril fragmentation index, humidity, extracted intramuscular fat and water holding capacity. Prior to the meat quality analysis, aged frozen steaks were thawed (5°C) until an internal temperature of 4°C was reached.
Thirty minutes before meat color measurements, a cross cut was made in the steak to expose the surface layer, which promoted myoglobin oxygenation. Color of meat and subcutaneous fat was obtained in a Mini Scan XE Plus 45/0 (HunterLab), with a port diameter 31.8 mm. Standardization of the apparatus was made using a standard black and white pattern coordinates for standard light D65 (daylight 6500 K) and 10°standard observer. Color parameters were determined according to the CIELAB scale (CIE, 1978) , illuminant D65 and 10°standard observer (Honikel, 1998) . Three readings of L*, a* and b* values were obtained at three different portions of the samples (Ramos & Gomide, 2007) .
The pH was measured in the muscular portion and in three different portions of the samples using a digital pH meter (Text, £ 230) . Water holding capacity (%) was determined using filter paper press methodology with about 2 g of the longissimus sample. The difference between sample weight before and after pressure (10 kg for 5 min) as well as sample humidity was used in the calculation (Grau & Hamm, 1953) .
Steaks were baked in an electric oven (Tedesco, TC06/ELT model) at a temperature of approximately 170°C. The internal temperature was monitored with individual thermometers placed in the geometric center of the sample. When the internal temperature reached 70°C, the samples were removed from the oven and left to cool at room temperature.
Samples were wrapped in plastic film and, after cooling overnight, eight cores (1.27 cm in diameter) were removed parallel to the longitudinal orientation of the muscle fibers. Each core was sheared once with a texture analyzer "TA.XT2i" coupled to a Warner-Bratzler blade with 1.016 mm thickness, according to Wheeler, Koomarie, and Shalckelford (2005) .
Cooking losses were obtained from the weight difference of the steaks before and after cooking. Myofibrillar fragmentation index was determined according to Hopkins, Littlefeld, and Thompson (2000) . The extracted intramuscular fat was quantified in lyophilized longissimus samples according to AOCS procedure Am 5-04 (2005), using an Ankom extractor (Model XT20). 
Statistical analyses
The variables were analyzed by multiple linear regression where the studied traits were considered response variables (Y) and RFI or RIG as independent variables (X), using mixed models that allow estimation of fixed effects, such as contemporary group (CG) and random genetic effects, namely the sire effect. Analyses were performed using PROC MIXED of the SAS (Sas Institute, 2012) where the CG was defined according to the feedlot site, year, place of birth, feed efficiency evaluation period and pen type.
To illustrate the differences between efficient and inefficient animals in terms of RFI and RIG, the animals were classified adopting the classical criterion used in the literature (Koch et al., 1963) , that is, ±0.5 standard deviations from RFI and RIG mean.
The model considered contemporary group and RFI or RIG as fixed effects, initial age as covariate, and sire as random effect according to the statistical model described below:
where μ is the fixed overall mean effect; β i is fixed RFI or RIG effect; γ j is fixed CG effect; ρ k is covariate effect of initial age, α t is the random effect of sire and e ijk t is the random residual error associated with y ijkt .
For traits evaluated after slaughter, as carcass traits and meat quality, was included in previous model experiment time as a random effect, since the slaughter time was determined when animals reached at least 5 mm of subcutaneous fat thickness.
where μ is the fixed overall mean effect, β i is fixed RFI or RIG effect, γ j is fixed CG effect, ρ k is covariate effect of initial age, α t is the random effect of sire, σu is random effect of experiment time and e ijktu is the random residual error associated with y ijktu .
The interpretation of the regression coefficient with RFI (β 1 ) and RIG (β 2 ) represents the expected variation on studied traits for one unit variation in RFI (kg DM/day) or RIG.
RFI and RIG means of the efficient and inefficient classes were then used in the regression equation for each trait, using the ESTIMATE function of PROC MIXED, in order to predict the value that the trait would assume if RFI or RIG had the value corresponding to the class mean, considering the mean initial age of the animals. Therefore, if the coefficient β 1 or β 2 is significant, the mean of efficient and inefficient animals also differ, since the difference between them is larger than 1 unit of RFI or RIG. Data were considered statistically significant when P b 0.05.
Results and discussion

Carcass and non-carcass traits
Descriptive statistics of 575 Nellore steers for performance traits are presented in Table 3 . Similar values were obtained in other studies on feed efficiency in beef cattle (Nkrumah et al., 2007; Zorzi et al., 2013) . The range of 3.8 units for RFI and 9.9 units for RIG indicates great phenotypic variability for these efficiency indexes, which was expected due to the selection of the sires to express the greatest possible variability in genetic background of Nellore breed.
Of the evaluated animals, 30.1% was considered efficient (RFI lower than −0.315 kg DM/d, N = 173) and 29.9% was considered inefficient (RFI greater than +0.315 kg kg DM/d, N = 172), while the others had RFI between −0.5 and 0.5 SD of the mean (N = 230). In terms of RIG, 30.6% had RIG lower than − 0.5 SD of the mean and was considered inefficient (N = 176) and 29.6% had RIG greater than + 0.5 SD and was considered efficient (N = 170), while the other animals had RIG between −0.5 and 0.5 SD of the mean (N = 229).
As expected, there was no significant relationship (P N 0.05) between RFI and initial and final body weights (P N 0.05, Table 4), since RFI is adjusted to metabolic body weight and ADG, corroborating with results reported in the literature (Koch et al., 1963; Santana et al., 2014; Zorzi et al., 2013) . Residual feed intake was not related to ADG (P N 0.05) however, RIG was positively correlated to FBW and ADG (P b 0.05). For each unit of RIG, ADG increased 70 g/d, that is, efficient animals had 25.7% greater ADG than RIG inefficient animals. This is expected since residual gain is included in RIG estimation, which allows the identification of individuals with greater ADG. Berry and Crowley (2012) and Retallick (2013) also observed greater ADG in RIG-efficient animals.
Reduction in DMI was observed for efficient animals selected by RFI or RIG (P b 0.05). Decreasing 1 kg DM/d of RFI resulted in a decrease of 0.98 kg DM/d (P b 0.0001) and an increase of 1 kg DM/d on RIG resulted in a decrease of 0.22 kg DM/d (P b 0.0001), according to linear regression coefficients for RFI and RIG respectively (Table 3) . These results are in agreement with the literature (Ahola, Skow, Hunt, & Hill, 2011 ; Table 4 Means for efficient and inefficient animals, standard error of the mean (SEM), linear regression coefficients (β x ), for residual feed intake (RFI), β 1 , and residual feed intake and gain (RIG), β 2 , and probability level for performance traits of 575 Nellore steers. TDN according to Weiss et al. (1992 Zorzi et al., 2013) . Lower DMI of efficient animals may be attributed to lower maintenance requirement, lower energy content of body gain or higher efficiency in using energy for gain. Maintenance requirements are associated with the processes of heat production for thermoregulation, heat increment, muscle activity, blood circulation, respiration and tissue renewal, and are directly affected by the size and weight of organs, particularly liver, heart and kidney, which have higher metabolic rates (Ferrell & Jenkins, 1998) . RFI was independent of hot carcass weight (HCW) and hot dressing (P N 0.05; Table 5), which was expected since RFI is adjusted to BW and HCW is directly related to the BW. The same reasoning can be applied to results of length and depth of carcass, which were not related to RFI (P N 0.05) since body size and weight are closely related to each other. Other authors also found no association between RFI and carcass weights and dimensions in beef cattle (Baker et al., 2006; Bonilha et al., 2013; Cruz, Rodriguez-Sanchez, Oltjen, & Sainz, 2010; Gomes et al., 2012; McDonagh et al., 2001; Nkrumah et al., 2004; Welch et al., 2012; Zorzi et al., 2013) .
RIG was not related to hot dressing and carcass depth (P N 0.05), however, RIG-efficient animals had higher HCW and carcass length compared to inefficient ones (P b 0.05). These results are in accordance with greater ADG and FBW presented by the efficient-RIG-animals (Table 4) . Cancian et al. (2014) , evaluating the relationship between RFI, HCW and hot dressing (%) of Nellore steers, found no significant relationship between RFI and those carcass parameters. Spare rib proportion (%) was lower in RFI-efficient animals (P b 0.05), but efficient and inefficient-RIG animals had no differences for spare rib proportion (P N 0.05). These results are in disagreement with those found by Zorzi et al. (2013) where RFI did not affect spare rib proportion of Nellore bulls, but the herein observed difference is quite small, equivalent to 0.5 kg of additional carcass in about 32 kg of spare ribs. Forequarter and hindquarter proportions were not related to RFI or RIG (P N 0.05). The same results were obtained by Bonilha et al. (2013) and Zorzi et al. (2013) .
Efficient animals in both indexes (RFI and RIG) had greater longissimus muscle area (P N 0.05, Table 6 ). These results corroborate with those found by Santana et al. (2012) , who observed greater longissimus muscle area, suggesting greater muscle deposition on the carcass of efficient-RFI Nellore steers.
Since subcutaneous fat thickness was used as a criterion to determine the harvest point, no significant relationships at slaughter were observed between BFT and RFI or RIG (P N 0.05). However, differences in body composition could be a possible explanation to lower DMI observed for efficient animals.
Although energy concentration of lipids are twofold that of protein (9.5 versus 5.5 kcal/g), muscle deposition is more efficient, since each gram of protein deposited in the gain carries 3-4 g of water, meaning that efficiency of energy use is higher to muscle tissue deposition than to adipose tissue deposition, resulting in a greater amount of tissue deposited for the same amount of energy intake with lower energy content of gain (Lofgreen & Garrett, 1968) . Table 6 Means for efficient and inefficient animals, standard error of the mean (SEM), linear regression coefficients (β x ), for residual feed intake (RFI), β 1 , and residual feed intake and gain (RIG), β 2 , and probability level for non-carcass traits of 575 Nellore steers. Table 5 Means for efficient and inefficient animals, standard error of the mean (SEM), linear regression coefficients (β x ), for residual feed intake (RFI), β 1 , and residual feed intake and gain (RIG), β 2 , and probability level for carcass traits of 575 Nellore steers. No significant relationships between RFI or RIG and proportions (g/kg HCW) of heart, kidney, and perirenal, inguinal and pelvic fat were observed (P N 0.05; Table 6 ). Similar results have been reported in the literature Cruz et al., 2010; Fitzsimons, Kenny, & Mcgee, 2014; Gomes et al., 2012; Mader et al., 2009 ). However, efficient (RFI and RIG) animals had lower proportion of liver compared to the inefficient ones (P b 0.05).
According to Carstens and Kerley (2009) , visceral tissues such as heart, kidneys and liver, which have higher protein turnover than skeletal muscles, consume around 20-25% of the daily energy intake of animals and may account for up to 30% of the daily heat production. From daily heat production, approximately 38-46% of the losses occur in the gastrointestinal tract and 19-22% in skeletal muscles (Lobley, Milne, Lovie, Reeds, & Pennie, 1980) . Thus, the observed lower intake of efficient animals may be attributed to the reduction of energy requirements as they have lower liver proportion. Furthermore, in response to the higher DMI to attend higher requirements of animals, the liver increases in size and weight (Fox, Sniffen, O'Connor, Russell, & Van Soest, 1992) . Basarab et al. (2003) also found lower liver weight in low-RFI animals compared to high-RFI steers.
Information about non-carcass components are relevant, since the beef industry does not pay for these components, therefore higher efficiency with reduced visceral fat deposition is desired. However, care should be taken considering the consequences for females, since visceral fat may be important for reproductive processes mainly for cows on grazing systems, where seasonality of forage production may bring nutritional challenges that can make body fat even more important.
Meat quality traits
RFI and RIG were not related to pH regardless of aging time (P N 0.05; Table 7 ). The observed pH was consistent with that recommended by the industry (final pH below 5.7) to ensure color and meat quality, and are similar to other reported values for Nellore (Gomes et al., 2012; Pflanzer & de Felício, 2009; Zorzi et al., 2013) . Table 8 Means for efficient and inefficient animals, standard error of the mean (SEM), linear regression coefficients (β x ), for residual feed intake (RFI), β 1 , and residual feed intake and gain (RIG), β 2 , and probability level for color traits on meat non-aged and aged during 7 or 14 d and on subcutaneous fat of 511 Nellore steers. Cooking losses (%) were not affected by RFI or RIG regardless of the aging time (P N 0.05; Table 7 ) in agreement with results found by Gomes et al. (2012) and Zorzi et al. (2013) . The holding water capacity (HWC) was not related to RIF or RIG (P N 0.05) and the observed values for non-aged samples were similar to those found by Fernandes et al. (2009) for Nellore.
Extracted intramuscular fat was lower in efficient animals for both indexes (P b 0.05), corroborating results obtained by other authors Welch et al., 2012) . The higher extracted intramuscular fat deposited by inefficient animals can partially explain the higher intake to ensure sufficient energy for the intramuscular fat deposition. Intramuscular fat is an important component of meat quality in beef cattle production systems, because it is directly linked to meat palatability and carcass value, key aspects to determine marketing and return on investment (Welch et al., 2012) .
Meat lightness observed in this study was within expected range for the final pH observed. No significant effects were observed between RFI or RIG and lightness (L*), red intensity (a*), yellow intensity (b*) and a*/b* ratio regardless of the aging time (P b 0.05; Table 8 ), except L* of non-aged meat where RFI-inefficient animals showed lighter meat than inefficient animals (P b 0.05) possibly due to the higher extracted intramuscular fat in these animals (Table 7) , however, the lightness variation observed would most probably not be perceived by consumers. This result corroborates Ślósarz et al. (2004) , who observed higher lightness in meat with higher extracted intramuscular fat. Other authors found no differences in lightness and meat color in RFIefficient and inefficient animals (Gomes et al., 2012; Perkins et al., 2014; Zorzi et al., 2013) . Muchenje et al. (2009) observed averages from 33.2 to 41.0, 11.1 to 23.6 and from 6.1 to 11.3 for L*, a* and b*, respectively. No significant relationship was observed between RFI or RIG and L*, a* and b* of fat on non-aged steaks (P N 0.05). McDonagh et al. (2001) observed no differences in fat color between RFI-efficient and inefficient animals. Perkins et al. (2014) found the same results evaluating fat color of meat samples of Angus steers finished in feedlot.
The shear force was not related to RIG regardless of the aging period (P N 0.05), RFI-efficient animals had higher shear force for non-aged meat compared to inefficient ones (P b 0.05; Table 9 ), however, although this was a statistically significant difference, in reality would be too small to be detected by a trained sensory panel. This effect was not observed (P N 0.05) for aged meat, showing that this process can counter-act the effect of feed efficiency on meat tenderness. Similar results were found by Zorzi et al. (2013) where low-RFI bulls had higher shear force compared to high-RFI bulls. Some studies relate feed efficiency and meat quality evaluation in Europe (Ahola et al., 2011; Baker et al., 2006; McDonagh et al., 2001) , and for zebu cattle, some studies (Farjalla, 2009; Gomes et al., 2012; Welch et al., 2012) found no relationship between RFI and shear force in non-aged and aged steaks. Although the results in literature for meat quality of efficient animals are still contradictory, some evidence show that selection for low RFI would negatively affect meat tenderness (Herd & Pitchford, 2011) .
The myofibrillar fragmentation index of non-aged samples was not related to RFI or RIG (Table 9 ; P N 0.05). Considering MFI as an indicator of meat tenderness, Culler, Parrish, Smith, and Cross (1978) reported that values above 60 corresponds to extremely tender meat, between 50 and 60 indicate moderately tender, while below 50 indicate tough meat. Therefore, in this study, the non-aged meat could be considered tough, in accordance to the high SF observed. Gomes et al. (2012) and Zorzi et al. (2013) found lower MFI in RFI-efficient animals (low-RFI) compared to RFI-inefficient animals (high-RFI). In both studies, the values were below 50 classifying the non-aged sample as tough meat.
Conclusions
Improving feed efficiency affects meat quality, especially in regard to intramuscular fat, which decreased as efficiency increased. Although color lightness and tenderness of un-aged meat were significantly associated with RFI, these relationships were not significant after aging. Table 9 Means for efficient and inefficient animals, standard error of the mean (SEM), linear regression coefficients (β x ), for residual feed intake (RFI), β 1 , and residual feed intake and gain (RIG), β 2 , and probability level for tenderness traits on meat non-aged and aged during 7 or 14 d and on subcutaneous fat of 511 Nellore steers. 
